The dnaG protein of Escherichia coli primes the synthesis of the complementary (or negative) strand on the DNAs of a number of single-stranded bacteriophages by forming a short oligonucleotide that can be elongated by DNA polymerases (1-3). One class of these viral templates that has been particularly useful in studies on the initiation of DNA synthesis includes the DNAs of bacteriophages OK, St-1, aS, and G4. When coated with DNA-binding protein (DBP), these phage DNAs have a unique origin for negative-strand synthesis, which can be utilized directly by the dnaG protein (2, 4, 5).
tion. DNA as far as 115 bases from the start site of primer synthesis is involved in binding of the dnaG protein to the replication origin. One molecule of dnaG protein could protect all of these nucleotides if the DNA were folded into a higher-order tertiary structure. Protection of the OK origin by dnaG protein requires DNA binding protein, and it does not occur if the group of protected nucleotides most distant from the start site is removed from the template. There is no binding of dnaG protein to the complementary strand of the OK origin-region DNA. The observed protection of the positive strand is due to a functional nucleic acid-protein complex.
The dnaG protein of Escherichia coli primes the synthesis of the complementary (or negative) strand on the DNAs of a number of single-stranded bacteriophages by forming a short oligonucleotide that can be elongated by DNA polymerases (1) (2) (3) . One class of these viral templates that has been particularly useful in studies on the initiation of DNA synthesis includes the DNAs of bacteriophages OK, St-1, aS, and G4. When coated with DNA-binding protein (DBP), these phage DNAs have a unique origin for negative-strand synthesis, which can be utilized directly by the dnaG protein (2, 4, 5) .
It previously has been shown that the negative-strand origins in OK, St-i, a3, and G4 are located within intercistronic regions approximately 135 bases long (5-7). Two 40-base stretches of sequence within the intercistronic regions are conserved among all four phages. Associated with each 40-base region is a conserved element of potential secondary structure-a small hairpin near the start site of primer synthesis (referred to here as the "primer hairpin") and, 35-40 bases downstream, a larger one (the "downstream hairpin"). It was suggested (5) that the dnaG protein recognizes a higher-order tertiary structure in the DNA because (i) a single molecule of dnaG protein is too small to interact with the entire extent of conserved sequence in linear form; (ii) E. coli DNA, upon which the dnaG protein must also act, does not contain the conserved sequence; and (iii) in addition to primary sequence, the potential to form secondary structure is also conserved among the origins of phages OK, We have utilized a technique based on protection against nuclease digestion (8, 9) to determine where within the origin-region DNA the dnaG protein interacts. In this technique, the singly end-labeled DNA molecules are treated with a limited amount of endonuclease such that, on the average, each DNA strand is cleaved once. Gel electrophoresis of the digest generates a ladder of bands, visualized by autoradiography, in which each band corresponds to a DNA molecule extending from the 32P-labeled 5' end to the point of nuclease cleavage. A protein bound to the DNA can physically prevent the endonuclease from cutting, resulting in the absence of bands from the ladder at the site of protein binding. The nucleotides at which cleavage occurs are identified by reference to parallel lanes containing the purine and pyrimidine cleavage products of the same DNA molecule, generated by the sequence-determination technique of Maxam and Gilbert (10) .
Origin-Region DNA Is Protected by dnaG Protein. The probe used most extensively in the digestion-protection experiments was micrococcal nuclease. Lane C of Fig. 1 shows the cleavage products resulting from limited micrococcal nuclease digestion of naked -kK origin DNA. Lanes A and B contain purine and pyrimidine markers. Micrococcal nuclease cleavage sites were seen throughout the entire intercistronic region (Fig. 1, lane C) ; they are catalogued in Fig. 2A . The enzyme showed a strong preference for cleavage at the 5' side of A and T residues, as reported (15) as well as within the loop of the primer hairpin (Fig. 3) . The most striking effect of the dnaG protein on the cleavage pattern, however, was that protection from cleavage was conferred not only in the vicinity of the start site but also around the base of the downstream hairpin (shown diagramatically in Fig. 4 The observed protection showed the same characteristics as the priming reaction. Protection was completely dependent on the presence of DBP. In the absence of DBP, the dnaG protein had no effect on the micrococcal nuclease cleavage pattern (not shown). The Fig. 2 , all materials and methods were as described (5, 13) . Purine markers were generated by reaction with pyridinium formate (11) . dnaG protein (3000 units/mg) was purified as described (13) . DBP, purified as described in ref. 14 (17) . Protection by the dnaG protein against cleavage was seen both near the start site, including the primer hairpin, and at nucleotides flanking the downstream hairpin (Fig. 2F) . Thus, the extended protection occurs with more than one probe. DNase I cleaved naked OK origin DNA at many sites (not shown). In the presence of DBP, however, cleavage was limited to the stem of the primer hairpin (Fig. 2D) . The dnaG protein affected these remaining DNase I cleavages (Fig. 2D) , causing both protection and enhancement.
Dimethyl sulfate (Me2SO4) can be used as a probe for protein-nucleic acid contacts involving the N3 position of adenine and the N7 position of guanine (18, 19 Protections are indicated by downward-pointing arrowheads; upward-pointing arrows indicate enhancements. In all cases, the effect is on cleavage to the 3' side of the indicated nucleotide. This particular representation is only one of several ways in which the downstream (left-hand) hairpin can be drawn (see ref. 5 ). The shortened template described in the text was made by cutting at the Ava II site (G-G-A-C-C, nucleotides +66 to +62) at the base of the downstream hairpin and isolating the piece extending rightward from this cut to the Hpa II site at -82. The positive strand was then separated from its complement on a 12% acrylamide gel run in 50 mM Tris borate, pH 8.3/1 mM EDTA.
After primer synthesis, all protection further downstream thar nucleotide +21, the last nucleotide of the primer, was largel) eliminated ( Fig. 1, lane F) . Protection of the DNA covered by the RNA primer was in creased after translocation, whereas strong cuts appeared al nucleotides +24 and +25. These latter nucleotides, which presumably had been base-paired in the stem of the primei hairpin, should now be single stranded. The changes in the cutting pattern near the start site are consistent with the preference of micrococcal nuclease for single-stranded DNA (16) . 
DISCUSSION
Previous DNA sequencing studies, discussed in the Introduction, had suggested that tertiary structure was involved in forming the recognition site for the dnaG protein (5) . Other experiments also indicated that the dnaG protein might recognize a complex structure. Benz et al. (13) found that some preparations of a3 and G4 single-stranded DNAs failed to support priming by the dnaG protein. Often these DNAs could be activated by heating at 650C followed by renaturation at room temperature. Using a different approach, J. Kaguni, L. LaVerne, and D. Ray (personal communication) showed that insertion of a large piece of foreign DNA between the two hairpins of the G4 intercistronic region resulted in inactivation of origin function. The experiment suggested that the two hairpins must lie near one another, as expected if they interact in the formation of a higher-order structure.
Here, we show that the dnaG protein protects three well- DBP clearly plays an important role in the formation of the structure required for dnaG protein binding. In its absence, there is no interaction of the dnaG protein with origin DNA. In its presence, the cleavage patterns of several nucleases are changed dramatically. Cleavage by micrococcal and P1 nucleases is strongly enhanced downstream from the large hairpin and upstream from the start site; in addition, new cleavage sites appear which are not cut by these enzymes in the absence of DBP. The altered cleavage patterns suggest that DBP induces a change in the conformation of the origin DNA, with the result that certain specific regions become particularly accessible or otherwise favored sites for cleavage. The effects of DBP on the methylation of origin DNA may be interpreted similarly. The new DNA conformation may be sufficient for dnaG binding; it is also possible that protein-protein contacts between dnaG protein and DBP are required as well.
We have looked for protection by the dnaG protein against micrococcal nuclease cleavage of DBP-complexed DNA from the origins of bacteriophage X and of E. coli. There was no detectable binding of dnaG protein to these templates.
On cX174 DNA, dnaB protein is required for primer synthesis in addition to dnaG protein. We assume that the element recognized by the dnaG protein as a signal to start DNA synthesis is the same, whether it is inherent in the DBP-covered DNA itself (as in the kK, St-i, a3, and G4 origins) or created by dnaB or other proteins (as with /X174 DNA). Arai and Kornberg (20) have recently reported that dnaB protein alone allows relatively nonspecific primer synthesis by the dnaG protein on various otherwise inactive templates. Their results are consistent with the notion that dnaB protein folds many different DNA sequences into a common tertiary structure that can be recognized by the dnaG protein.
